Abstract: Especially during early developmental stages, competition with weeds can reduce crop growth and have a serious effect on productivity. Here, the effects of interactions between soil water content (SWC), nutrient availability, and competition from weeds on early stage crop growth were investigated, to better understand this problem. Field experiments were conducted in 2013 and 2014 using long-term study plots on loam soil in Hungary. Plots of maize (Zea mays L.) and a weed-maize combination were exposed to five fertilization treatments. SWC was observed along the 0-80 cm depth soil profile and harvested aboveground biomass (HAB) was measured.
INTRODUCTION
Water resources play an important role in the development of ecosystems. Changes in water availability can have a substantial impact on ecosystems, which are a critical component of the hydrological cycle and an essential mediator between land surface and atmospheric interactions (Breuer et al., 2012) . Soil is involved in many hydrological processes, including infiltration (Lichner et al., 2013) , drainage to deeper layers (Wang et al., 2014) , and discharge from groundwater (Wang et al., 2015) .
Soil water content (SWC) is often used as an indicator of water limitation in dryland ecosystems (e.g. Matthews et al., 2008) , as it controls several important chemical and biological processes (e.g. root uptake and transpiration) (Singh and Singh, 2004) . However, predicting the impacts of changes in water availability can be difficult because of weed-crop interactions, with effects mediated by the competitive ability and density of the weeds and crops, edaphic and management conditions, the characteristics of species and the composition of the plant community (Valerio et al., 2013; Yeganehpoor et al., 2015) . Additionally, SWC has a high spatial heterogeneity and temporal variability (Martinez et al., 2013) which affects the plantavailable transpirable pool of water (Diodato et al., 2010) , according to the vegetation type and the character of the scale related pattern (Sándor, 2014; Si et al, 2015) . Combinations of land use and vegetation type can also have substantial effects on SWC (e.g., to produce a unit of dry matter (DM), weeds require more water than most crop plants (Lehoczky et al., 2012; Shen et al., 2014) ). Water storage is often the most limiting factor for crop yields, causing varying levels of crop stress, contingent on the developmental stage of the plant. This makes cropping systems vulnerable to drought conditions, as stored soil water is rapidly depleted during extended dry periods (e.g. Diodato and Bellocchi, 2008) .
For maize (Zea mays L.), grain yield losses are caused mainly by weed competition (Lehoczky et al., 2005; Rajcan and Swanton, 2001; Yeganehpoor et al., 2015) , which may be responsible for up to 34 percent of crop loss worldwide (Abouziena et al., 2015) . According to Lehoczky et al. (2013) , in the early growth stage of maize, weed competition can reduce biomass by up to 64% compared to weed-free maize. However nutrient supply (Berzsenyi et al., 2011; Fodor et al., 2013) and soil water availability (Várallyay, 2011) are also key factors in crop production efficiency (Mantovani et al., 2014) . Strong correlation can be observed between changes in nutrient supply and the dominance of different weed species (Kamuti et al., 2015; Lehoczky et al., 2014) . Furthermore, pest damage (Georgescu et al., 2014) , heavy metal pollution (Rékási and Filep, 2006) , planting density (Kivuva et al., 2014) and changes in climatic conditions during the vegetation period (Bassu et al., 2014) including dry and hot spells (Lichner et al., 2012) can have a negative effect on potential biomass production and grain yield.
Competition for soil water stocks can increase the risk of water stress periods, which reduce both crop and weed biomass production, even in humid temperate regions (Acciaresi and Guiamet, 2010) . Competition for water may also alter the ability of plants to utilize other resources, such as light or nutrients (Berger et al., 2010) . Water intake by weeds reduces the amount of available SWC for cultivated plants (Lehoczky, 2004; Patterson and Flint, 1983) while crops also decrease the soil moisture content of the fertile zone. The outcome of competition for water resources depends on the relative abilities of weed and crop vegetation to tolerate SWC deficit conditions (Patterson, 1995) .
A further important factor for harvested aboveground biomass (HAB) production and grain yield is the amount of available essential macronutrients such as nitrogen (N), potassium (K) and phosphorus (P) in the form of NH 3 , K 2 O and P 2 O 5 . Several studies (Song et al., 2010) found that SWC was significantly influenced by fertilization, as a result of nutrient stimulation of plant growth. N fertilization has been shown to increase root and biomass growth, leading to the absorption of more water by plants during the growing season in waterlimited regions (Wang et al., 2013) . P and K can also stimulate plant growth, and can alter the impacts of N addition on an ecosystem (Wendel et al., 2011) .
The vegetation-SWC-fertilization relationship is inherently complex and involves many factors (e.g. meteorological and environmental circumstances, and applied management options such as extensive or intensive fertilization treatments, planting density and crop rotation) (Brant et al., 2012) . Maize seedlings are more sensitive to the presence of neighbouring weeds during the critical period of early competition for water and light (Hall et al., 1992) . Increasing weed biomass can have a negative impact on the ability of maize to compete for water during the critical competition period (from 4-6 to 12-14 leaves stage) (Kazinczi et al., 2008) . Water stress during the vegetative dry matter accumulation period can limit plant height, as well as the amount of harvested aboveground biomass (HAB), but does not necessarily decrease the quantity of grain yield (Rajcan and Swanton, 2001 ). The relative competitive ability of species has been shown to vary with soil-moisture level (Nichols et al., 2015; Wiese and Vandiver, 1970) , while Azeez et al. (2005) found that weed cover moderated rates of evapotranspiration leading to higher SWC in weed-maize combined plots than under weed-free vegetation.
Several multidisciplinary studies have considered SWCmaize-weed interactions (Pivec and Brant, 2009; Acciaresi and Guiamet, 2010; Berger et al., 2010) , taking into account the significant effects of land use practice and vegetation cover on the water cycle during the growing period. Notwithstanding these efforts, there is limited understanding of the nature of such interactions during early phenological growth stages of crops. The present study uses a multi-fertilization field experiment to address 4 fundamental questions: (1) do changes in SWC effect maize and weed growth during the early phenological stages?, (2) how do different macronutrient fertilization treatments interact with SWC along the soil profile?, (3) is there an effect of limited nutrient supply on the measured HAB?, (4) what variations are associated with the different vegetation and fertilization treatments, and how can variation be quantified in a multi-treatment study?
MATERIALS AND METHODS

Study site
The study was carried out in a long-term (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) fertilization experiment in a maize monoculture (PR 4983 (2013); Mv 277 (2014) ) at Nagyhörcsök (latitude 46°51'54"N; longitude 18°36'28.8"E, altitude 142 metres above sea level) in Hungary, during the late spring -early summer of 2013 and 2014. Meteorological conditions were recorded during the period of investigation (Fig. 1) . The region has a continental climate, with relatively cold winters and hot summers. Based on the long-term daily meteorological database of the Institute for Soil Sciences and Agricultural Chemistry, the average annual temperature is about 11.7°C, in summer 22.2°C, and in winter 0.6°C. The pilot area receives on average 522.5 mm rainfall annually. Groundwater was located at a depth of 13−15 m and the area was prone to drought (Kádár and Csathó, 2015) .
The studied area has chernozem loam soil with lime deposits (FAO-Calcaric Phaeosem; USDA-Calcic Hapludoll) ( Table 1) .
Experiment study design
Five 4.9 m × 15 m (73.5 m 2 ) randomly blocked plots were designed with different levels of N, P and K supplied in three replications (Table 2 ). Fertilizers containing P and K were spread before autumn ploughing whilst N fertilizer was applied before sowing. Two 2 m × 2 m (4 m 2 ) herbicide-free blocks were separated in each fertilization treatment plot, about 2.5 m from the centre point for weed surveying in 6 repetitions. Herbicide-free plots were covered whilst herbicide (Turbo Jumbo; a.i. bentazone, dicamba, methyl-oleate, methyl-palmera, nicosulfuron) was applied to weed-free treatments post emergence.
Volumetric water content was recorded using an IMKO TRIME-FM3 device, which is a time domain reflectometry (TDR) based system with a broad range of applications. One special fiberglass tube was installed in the middle of each fertilization-treatment plot for recording SWC under weed-free maize (M) monoculture in 3 replicates. Further plexi tubes were settled under the 4m 2 herbicide free, weed-maize (W-M) combined cells in 3 replicates in 2013, and this number was doubled in the following year. This design enabled the influence of weed and maize cultures on SWC to be recorded in each treatment. The number of investigated SWC measuring profiles was increased under W-M vegetation in order to mitigate variation caused by the spatial pattern of weed density under pedon scale sampling (Sándor et al., 2015) . The volumetric water content of the 0-80 cm soil profile was recorded with 10 cm resolution, between sowing and the second HAB measuring date in every second week in 2013, then twice a week in 2014.
Sowing took place on April 23 rd and April 30 th in 2013 and 2014, respectively. The harvested aboveground biomass of maize and total weed flora was determined twice during the early growing stage of maize; at 2−4 leaves (BBCH 13) and 8−10 leaves (BBCH 19) on 4 th and 20 th of June in 2013, and on the 3 rd and 19 th of June in 2014. The study site had the following characteristic weed species: Ambrosia artemisiifolia L., Chenopodium album L., Chenopodium hybridum L., Datura stramonium L. and Sorghum halepense (L.) Pers. The two-year average weed density was approximately 130 plants per square meter on the Control, PK and NPK treatments, and ~80 plants m -2 on NK and NP fertilization plots. The maize planting density was established with 7 plants m -2 . Weedy maize (wM) and weed (w) biomass was harvested from the 4 m 2 herbicide-free plots whilst weed-free maize (M) was harvested from the herbicide treated section of the plots. The harvested aboveground M, wM and w biomass values (each from a 1 m 2 area) were measured after 48 hours drying at 40°C, in order to obtain constant dry weights.
Statistical analysis methods
R Studio (RStudio Team, 2015) was used for statistical computing and visualization of in situ measured SWC and maize and weed biomass datasets from the Nagyhӧrcsӧk experimental site in 2013 and 2014. Datasets were normally distributed, independent and homogenous (according to Bartlett-test) allowing the use of ANOVA for statistical analyses.
SWC interactions with different fertilization treatments (Table 2) under each pairwise combination of vegetation types (e.g. M and W-M) were tested for using two-way ANOVA. Under W-M, the effect of the two plant groups (weed and maize) on SWC changes was inseparable, so two-way ANOVA was conducted using only M and W-M vegetation types and 5 different fertilization treatments as factors on SWC.
In order to investigate HAB productivity under various nutrient levels three types of vegetation were distinguished: M, wM and W. This categorisation was also used to analyse early stage competition between maize and weed. One-way ANOVA was used to test for differences in growth between the 2−4 leaves (BBCH 13) and 8−10 leaves (BBCH 19) maize phenological stages. To avoid confounding effects from differences in meteorological conditions between 2013 and 2014 (due to a severe dry spell in April of 2013, Fig. 1) , two-year HAB and SWC values were selected and averaged by phenological stages for data analyses .
RESULTS
Vegetation-SWC-fertilization relationship under BBCH13 phenological stage
Changes in SWC were observed under different fertilization treatments, with the greatest difference found between Control and PK plots (Figs. 2-3) ; no significant differences were observed between the control and other fertilization treatments. Mean SWC values indicated increased soil moisture uptake by W-M under NPK fertilization and by both vegetation types under PK fertilization (Figs. 2-3) .
Two year averaged soil moisture content was not significantly different between or within treatments and vegetation types at 0-10 cm or 20-40 cm soil depths (Table 3 ). The SWC of the 10-20 cm layer was significantly different between Control and PK treatments, and within fertilization treatments (Fig. 4a-c) . Table 2 ) at Nagyhӧrcsӧk (Hungary) on the given days in 2013.
Vegetation-SWC-fertilization relationship under BBCH19 phenological stage
Overall, there was a significant difference in the SWC of the 20-30 cm soil depth layer between NPK and Control treatments under weed-maize (Probability (P (>|t|)): 0.002), but no differences were observed at shallower or deeper levels, or in other treatments (Figs. 2-3) .
ANOVA revealed a number of significant differences in SWC along the soil profile between vegetation and fertilization treatments (Table 3) . Both macronutrient treatments and vegetation had a significant effect on the SWC of the top soil layer (0-10 cm). For instance, there were significant differences between Control and NP, and between Control and NPK treatments. Variability of SWC was greater in the 10-20 cm soil layer than at other levels (residual str. err: 1.89, R 2 : 0.51, F-stat p-value: <.000) across all treatments (Fig. 4, Table 3 ). Fig. 4d shows the SWC variability of the 10-20 cm depth layer across all fertilization treatments and vegetation types. The greatest difference was between Control and PK treatments (P (>|t|): 0.004), but further differences were computed between Control and NP (P (>|t|): 0.1), and between Control and NPK (P (>|t|): 0.06) (Fig. 4) . Variation in SWC between 20-40 cm depth was significant between vegetation types (namely maize and weedmaize; P (>|t|): 0.07), but not between fertilization treatments (Table 3) . Considering the SWC, some additional significant differences were found along the soil profile. We obtained considerable differences between fertilization treatments below 50 cm depth (Table 3 ), e.g. the dissimilarity was significant between Control and PK, and Control and NPK, P<0.001 and P<0.01, respectively. Linear model analysis of the 60-70 cm depth layer showed significant differences between Control and PK, NK (P (>|t|):< .000), Control and NP (P (>|t|): 0.02) fertilization treatments (Table 3) .
Relationship between HAB growing and treatments
Analysis indicated that total biomass production ( Fig. 5) was not independent of macronutrient (Table 2 ) and meteorological conditions ( Table 1 ). The highest average maize and weed HAB were measured under NPK and PK treatments (Figs.  2-3 ). Considerable differences were found between the growth of maize (M), weedy-maize (wM) and weed (W) HAB under the different macronutrient treatments between the BBCH 13 and 19 phenological stages (Fig. 6) . The average biomass growth of Control maize was 67.6 g DM m -2 , while the mean maize HAB growth was higher under NK (110.6 g DM m -2 ), PK treatments (145.9 g DM m -2 ), NP (136.6 g DM m -2 ) and NPK treatments (188.6 g DM m -2 ). The difference was significant between Control maize and NPK (P (>|t|): 0.002), PK (P (>|t|): 0.084) and NP (P (>|t|): 0.089) maize. Weed biomass growth was 56.3 g DM m -2 whilst weedy-maize growth was Table 2 .) at Nagyhӧrcsӧk (Hungary) on the given days in 2014. moderated (43.9 g DM m -2 ) in the Control site. Only NPK fertilized weed biomass growth was significantly different from the Control maize (Pr(>|t|): 0.037). The median HAB growth of Control weedy-maize was higher than that of the weed-free maize (Fig. 6) . Growth of weedy-maize biomass approached the growing rate of maize at PK treatment whilst median values were lower under other treatments.
DISCUSSION
The present study found several significant differences in SWC between vegetation and nutrient supply treatments during the early phenological stages of maize growth, and treatments also had an effect on the HAB. Measured SWC showed large variation, and this may have been caused by variation in environmental circumstances (such as rainfall events or severe drought (Fig. 1.) ), or by variation in the uptake of water by vegetation (e.g. weed, maize (Figs.2-3) ). There was a significant difference in the multi-treatment average of SWC between the upper (0-30 cm, A zone) and the deeper layers (30-60 cm, B and 60-80 cm, C zones) along the observed soil profile under Control and PK treatments (Figs. 2-3) , and considerable difference (not significant) under other fertilizations, which could have resulted from cultivation, with the ~30 cm layer representing a typical ploughing depth. Higher spatial heterogeneity in soil texture with increasing soil depth may have been responsible for the variation in observed SWC below 30 cm, as a result of differences in soil hydraulic properties such as saturated hydraulic conductivity (K S ).
Vegetation-SWC-fertilization relationship under BBCH13 phenological stage
In terms of the BBCH13 phenological stage, the applied fertilization treatments did not cause any radical change in SWC in any treatments (Fig. 4a) . The two-year averaged 0-10 cm depth soil moisture content was not significantly different between and within treatments and vegetation types. Nevertheless, the spatial heterogeneity of soil properties seemed to have larger effect on the SWC than vegetation. Several significant differences were observed along the soil profile (Figs. 1-2 , Table 3 ). For instance, SWC variability in the 50-70 cm zones showed higher differences in fertilization, probably owing to the spatial pattern of the soil layers. Possibly, fertilization had a greater effect on SWC below the 40 cm layer, because of more shallow rooting depths in the BBCH 13 stage.
Vegetation-SWC-fertilization relationship under BBCH19 phenological stage
Significantly lower SWC was found only in the untreated compared to the PK and NPK fertilized plots at the 0-20 cm Table 3 . Results of two-way ANOVA on SWC values and N-P-K fertilization (Frt) (doses as in Table 2 ) and applied vegetation (V) types (maize and weed-maize) along the measured soil profile at Nagyhӧrcsӧk (Hungary) during the BBCH13 (A) and BBCH19 (B) phenological state periods. R indicates residuals. Asterisks indicate significance: ***: 0.001, **: 0.01, *: 0.05, '•':0.1. soil depth. The SWC was greater at 10-20 cm depth (Fig. 4) , than in the top layer, possibly as a result of evaporation and transpiration at the upper level (Table 3) . SWC varied more in WM than in M plots (Figs. 2 and 3) probably due to the different root types and rooting depths of the weed vegetation. The variation in measured SWC (Figs. 2 and 3) was higher under weed-maize vegetation than under maize and this may have been caused by a more effective water uptake by multiple species with a greater variety of density and rooting depth. However, weed density and DM appeared to be influenced by fertilization (e.g. lower biomass production was observed under NK and NP plots, which had around half the weed density of the control plots (~80 plants•m -2 versus ~130 plants•m -2 in control plots) (Fig. 5) ). The SWC of the deeper soil levels, for instance 50-70 cm (Table 3) , showed greater differences between treatments in the BBCH19 phenological stage than in the BBCH13 stage, presumably due to higher water and macronutrient uptake by roots. As Figures 4d, e and f suggest, the most characteristic SWC deficit was observed under the PK, NPK and NP treatments, while the Control and NK had higher soil moisture content, probably caused by the lower weed density in the NK plot and the poor nutrient supply in the Control plot.
Presence of weed species may have had more effect on SWC between 0-50 cm soil depths than applied fertilization (Table 3 , Figs. 2 and 3) . SWC was significantly lower in weedy than in weed-less planting in the BBCH19 developmental phase. In Berger's (2010) examinations, crop water productivity was lower in weedy systems due to crop yield reductions rather than to increases in total soil water use. The results of this study are consistent with this finding even between sowing and the BBCH19 growth stage. Cerrudo et al. (2012) observed a reduction in the amount of maize DM and grain yield owing to the stress effect of neighbouring weeds in the early season. Differences in SWC observed here (Figs. 2, 3 along the observed soil profile and Fig. 4 at the 10-20 cm soil level) are also consistent with the findings of Abouziena et al. (2015) that many weeds are less sensitive to the available SWC than crops, as they transpire or use more water each day.
Relationship between HAB growing and treatments
W species growth was higher than that of wM weedy-maize in NK and NPK plots between the BBCH13 and BBCH19 phenological stages (Fig. 6) . Except in the Control plot (where wM growth was greater than that of weed-free M) weedy-maize growth was slightly lower at NP and PK treatments and considerably, but not significantly reduced at other sites (Fig. 6) , which may have been caused by weed species. The negative effect of the weed flora on crop biomass production might have caused the higher differences observed between weed and maize in the Control plot at a later phenological stage . In general, there was less variation in maize growth than in the growth of weedy-maize or weeds, except in the Control treatment. The higher variation in growth in weed-maize combination plots may be related to differences between the traits of crop and weed species, for example in terms of rooting depth and transpiration (Pivec et al., 2011) . Lehoczky et al. (2006 Lehoczky et al. ( , 2012 observed that the weeds required more water than the maize or wheat, thus water could be a limiting factor for crop growth. Only at the Control plot, the median wM HAB growth was higher that the weed-free maize biomass, probably due to the weed could not limited the water sources (Fig. 6) . In this study, there was no evidence that competition for water resources and nutrients were a limiting factor on plant growth in the Control plot, however in fertilized plots (NK, NP, PK and NPK) the results suggested that such limitations may have been present. Results from NPK and PK treatments suggested the greatest competition for water source -for instance, biomass productivity was significantly different between Control M and PK fertilized wM (Figs. 4 and 5) . These results support the findings of Turral et al. (2011) , that NPK fertilization can decrease the unfavourable effects of climatic conditions on the early phenological stages of vegetation. The current study also observed this relationship under PK fertilization.
CONCLUSIONS
The findings presented suggest that the growth of maize biomass is affected by the available soil water content (SWC), nutrient conditions and presence of weed species during early phenological stages. Treatment responses are consistent with the expectation that early competition between maize and weed for water sources is determined by the available macronutrient content of the soil layers. Variation in the measured range of SWC was higher under weed-maize vegetation than under maize, and this heterogeneity appeared to increase with plant growth. There were significant differences in measured SWC values along the investigated soil profile. With the exception of the PK fertilized plot, where decreases in soil moisture content had a significant effect on DM production within the 10-40 cm zone, no strong relationship was found between soil fertilization treatments and SWC in either, maize or maizeweed plots. In the PK plot, lack of N may have negatively affected the competitiveness of maize, allowing weed plants to hamper water intake and growth. This study revealed that maize biomass growth between the BBCH 13 and 19 phenological stages can be significantly influenced by weeds in fertilized plots; while there was no evidence that competition for water hampered plant growth in the Control treatment. These results indicate that soil water balance studies and model simulations should put more focus on variability in the depth-and structuredependent soil water uptake by vegetation at early phenological stages. Fig. 6 . Variability of the HAB (g DM m -2 ) absolute growth of maize (M, yellow), weedy-maize (wM, light green) and weed (W, dark green) under different fertilization treatments (doses as in Table 2 .) between the 2−4 leaf (BBCH 13) and 8−10 leaf (BBCH 19) phenological stages of maize at Nagyhӧrcsӧk (Hungary) in average of two years (2013 and 2014) . In each box plot, vertical lines represent, from bottom to top, the 10 th percentile, 25 th percentile, median, 75t h percentile and 90 th percentile of observed yields (based on measurements of 3 replicates of treatments). Hollow circles indicate outliers.
